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Uncertainty in surface-fire history: the case of
ponderosa pine forests in the western United
States

William L. Baker and Donna Ehle

Abstract: Present understanding of fire ecology in forests subject to surface fires is based on fire-scar evidence. We
present theory and empirical results that suggest that fire-history data have uncertainties and biases when used to esti
mate the population mean fire interval (FI) or other parameters of the fire regime. First, the population mean-Fl is dif
ficult to estimate precisely because of unrecorded fires and can only be shown to lie in a broad range. Second, the
interval between tree origin and first fire scar estimates a real fire-free interval that warrants inclusion in mean-Fl cal
culations. Finally, inadequate sampling and targeting of multiple-scarred trees and high scar densities bias mean Fls to
ward shorter intervals. In ponderosa piri&nus ponderosdougl. ex P. & C. Laws.) forests of the western United

States, these uncertainties and biases suggest that reported mean Fls of 2-25 years significantly underestimate popula
tion mean Fls, which instead may be between 22 and 308 years. We suggest that uncertainty be explicitly stated in
fire-history results by bracketing the range of possible population mean Fls. Research and improved methods may nar
row the range, but there is no statistical or other method that can eliminate all uncertainty. Longer mean Fls in ponder
osa pine forests suggest that gurface fire is still important, but less so in maintaining forest structure, epddme

dense patches of trees may have occurred in the pre-Euro-American landscape. Creation of low-density forest structure
across all parts of ponderosa pine landscapes, particularly in valuable parks and reserves, is not supported by these results.

Résumé: La compréhension actuelle de I'écologie du feu dans les foréts sujettes aux feux de surface repose sur la pré-
sence des cicatrices laissées par le feu. Nous présentons des résultats théoriques et empiriques qui montrent que les don-
nées sur I'historiqgue des feux comportent des incertitudes et des biais lorsqu’elles sont utilisées pour estimer l'intervalle
moyen entre les feux ou d’autres parametres du régime des feux. Premierement, il est difficile d’estimer avec précision
l'intervalle moyen entre les feux a cause des feux qui ne sont pas comptabilisés et cette valeur a donc forcément un fort
coefficient de variation. Deuxiemement, I'intervalle entre I'apparition des arbres et la détection des premiéres cicatrices
constitue un intervalle réel pendant lequel il N’y pas eu de feu et doit étre inclus dans le calcul de l'intervalle moyen

entre les feux. Finalement, un échantillonnage inadéquat, des arbres avec des cicatrices multiples et une densité élevée de
cicatrices introduisent des biais qui entrainent une sous-estimation de l'intervalle entre les feux. Dans les foréts de pin
ponderosaRinus ponderos@®ougl. ex P. & C. Laws.) de l'ouest des Etats-Unis, ces incertitudes et ces biais suggérent

une forte sous-estimation des intervalles moyens entre les feux qui pourraient se situer entre 22 et 308 ans plutdt qu’entre
2 et 25 ans tel que rapporté. Nous suggérons que l'incertitude soit explicitement mentionnée dans les résultats qui réferent
a I'historique des feux en indiquant une fourchette d’intervalles moyens entre les feux. La recherche et de meilleures mé
thodes pourraient réduire I'écart mais il n'y a pas de méthodes statistiques ou autres capables d'éliminer toute incertitude.
Des intervalles moyens entre les feux plus longs dans les foréts de pin ponderosa indiquénteguiex de surface

sont encore importants, mais pas autant pour maintenir la structure de la far¢tdes(llots denses d’arbres ont pu exis

ter dans le paysage avant l'arrivée des européens. Ces résultats ne supportent pas la pratique qui consiste & maintenir une
structure caractérisée par une faible densité partout dans le paysage occupé par le pin ponderosa, particulierement dans les
zones qui ont une grande valeur, comme les parcs et les réserves.

[Traduit par la Rédaction]

Introduction ment. Ponderosa pin€inus ponderos@ougl. ex P. & C.
Laws.) forests of the western United States, for example, are
Uthought to be modified by fire exclusion, leading to fuel
rBuildup and higher tree density that may increase the proba
gSility of stand-replacing fires (Covington and Moore 1992,
1994a, 1994). Restoration of pre-Euro-American tree den
sity and reintroduction of fire are considered remedies for
this condition (Covington et al. 1997). In this paper we ar
gue that the fire-history basis for these ideas is uncertain.
W.L. Baker® and D. Ehle. Department of Geography and Fire-history research has focused on fire intervals, particu
Sescr:{‘atlon University of Wyoming Laramie, WY 82071, larly the mean fire interval (mean FI), as essential to the de
B scription and comparison of surface-fire regimes and one of
1Corresponding author (e-mail: bakerwl@uwyo.edu). the frames of reference for restoration. Yet, mean Fl and

Forests have been altered by human modifications of-nat
ral disturbance regimes, and restoration of forest structu
and disturbance processes is increasingly a goal of mana
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Table 1. Some possible reasons that a living tree inside a fire  Theory and practice of calculating and
perimeter may not have a scar from the fire. analyzing fire intervals using fire-scar data

No fire sufficiently near the trunk (unburned area)

Bare or rocky soil or patches of rock with little or no fuel Fire-scar formation, unrecorded fires, and the

Little or no fuel for other reasons uncertainty of a tree without a scar

Fuel moisture too high to carry a fire nearby Fire scars form most commonly on the leeward side of
Sufficient fuel, but no connectivity to the spreading flame front trees burned in head fires, as a result of longer duration and
Wind fluctuations cause the fire to shift away greater heat load on the bark (Fahnestock and Hare 1964;
Insufficient fire intensity to scar the trunk Gill 1974; Gutsell and Johnson 1996). Occurrence of previ
Fire intensity too low ous open wounds encourages re-scarring and may lead to

wound expansion (Lachmund 1923), and fuels near the base
may increase scar formation (Show and Kotok 1924). Resis

tance to scarring is approximately proportional to the square
of the bark thickness, so larger and older trees are much

Insufficient fuel
Fuel moisture too high
Heat not directed at the trunk, due to wind shifts
High fire intensity directed at trunk, but trunk resistant to

scarring more resistant (Vines 1968).
No previous scars, wounds, or fissures Trees are often charred by a surface fire, but fires do not
Bark sufficiently thick to resist heat load always leave scars in particular areas or even a whole stand,

so fires may be unrecorded in fire scars. Show and Kotok
(1924) suggest that, once a tree is scarred, it subsequently
other fire-interval parameters (e.g., median, maximumrecords even low-intensity fires. However, trees are com
range) can be sampled, quantified, and summarized usirfggmy charred but not scarred (e.g., Sherman 1969), al
several methods. There has been little research on the effedffough trees that appear to be merely charred may later
of variation in these methods (but see McBride 1983; Aged€veal a scar (Fahnestock and Hare 1964). Shallow scars
1993: Johnson and Gutsell 1994) or on their reliability in re-may also be burned away by subsequent fires. Thus, an indi-
constructing past fire history. A sampled fire-scar record, forvidual tree may contain an imperfect record of the fires that
example, is not free of uncertainty or potential bias. It is un-ourned near the tree, but how imperfect is this record?
certain, for example, whether a tree without a scar did or did_The abundance of unrecorded fires is largely unknown.
not burn in a fire that scarred nearby trees. Moreover, théire researchers may have strong intuition about how com-
method of selecting samples of fire-scarred trees affects t§on unrecorded fires are in particular places, but there is lit-
what extent the sample is an adequate and unbiased estinf¢ quantitative information based on systematic research.

tor of the parameters (e.g., mean Fl) of a fire regime (JohnLachmund (1923) found that 9% of ponderosa pines burned
son and Gutsell 1994). by a single fire had new scars, but light surface fires can

A modern calibration, to test how the fire-scar recordleave 20% or more of the trees scarred (Morris and Mowat

should be sampled and interpreted to reconstruct the past fif958). This does not mean that 80% or 91% of trees may
regime, has never been attempted, so far as we are awaf@il to record a light surface fire, because there are other rea-
While fire-history methods may rely upon concepts that havesons for the absence of a scar.
a logical basis, modern calibrations are essential to verify There are several reasons that a tree inside a fire perimeter
that these concepts are reliable for quantitative paleomay lack a scar (Table 1). Chief among these is that some
ecological research (e.g., Clark 1988). This calibration reareas within the perimeter did not receive flames from the
search would be difficult for fires, since they are infrequent.fire. Because of unburned area inside fire perimeters, a tree
However, we argue that until this essential calibration re without a scar is always ambiguous, as it may or may not
search can be completed, potential uncertainties and biasbgve burned in a fire that burned neighboring trees. From
should be explicitly considered and incorporated into fire-Studies in ponderosa pine, reviewed later, unburned area can
history results. Present methods can also be revised te minpe 10-58% of the area inside the burn perimeter. More study
mize known biases, such as from purposive sampling (Johris needed of unburned area inside fire perimeters and the rate
son and Gutsell 1994). of scarring of the fraction of trees that did receive flames.
Our focus is on nearly pure ponderosa pine forests, exWithout modern calibration, the problem of unrecorded fires
cluding mixed conifer forests sometimes referred to as-ponmeans that fire-scar records provide uncertain estimates of
derosa pine forests because of ponderosa pine dominandi&e-regime parameters, such as the mean Fl.
We focus our analysis on the mean FI primarily because this
parameter is the only one widely reported in the literatureThe fire rotation, population mean fire interval, and
allowing us to compare many studies, rather than becausestimated mean fire interval
mean FIl is the only important or best parameter of the fire We suggest that one goal of fire-history research should
regime. The simple median or Weibull median of a set ofbe to estimate the population mean FI and fire rotation for a
fire intervals, for example, may better reflect central tendenstand (homogeneous area of forest up to several hundred
cies in non-normal fire-interval distributions (Grissino- hectares in area) or for other areas of interest. What are the
Mayer 2000). We first review the theory and practice of cal relationships of the fire rotation, the population mean FI, and
culating and analyzing fire intervals in surface-fire regimesthe fire interval estimated from a sample of scarred trees?
using fire-scar data. Then, we turn to the specific case ofWe use a hypothetical example to illustrate these relation
ponderosa pine forests, before drawing our arguments taships (Fig. 1). This example is of a 100-ha stand in which
gether, and discussing the implications. three fires occur after an initial fire in 1700 AD. The fires
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Fig. 1. The relationship between fire rotation, the population mean fire interval, and the sample mean fire interval for a hypothetical
100-ha stand divided into four quarters. The hypothetical stand was burned by three fires after 1700 AD.
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burn all of 50, 50, and 100 ha for a total of 200 ha in 100 It has not been generally recognized that the population
years, an average of 2 halyear. mean Fl is equal to the fire rotation (but see McKelvey et al.
The fire rotation is defined as the time required to burn an1996), but this makes it possible to estimate the fire rotation
area equal to the area of interest (Romme 1980), in this cag#ithout knowing fire sizes. In our hypothetical example, we
the 100-ha stand. Fire rotation is often used to describ&ave maps of the fires, so we can calculate the exact fire in
stand-replacing fire regimes but is equally relevant totervals for each of the four quarters (Fid),Jand then count
surface-fire regimes, since in both cases fires burn over #p how many fire intervals there were in each quarter during
certain land area (Romme 1980). The fire rotation for the exthe 100-year interval from 1700 to 1800 AD (Figg)1 The
ample stand (Fig. 1) is 100 ha divided by 2 ha/year, whicHength of time is divided by the number of intervals to obtain
equals 50 years. If the fire rotation is 50 years, then aboutheé population mean FI for each quarter (Fidy.1For the
2% of the area, on average, should burn each year, and tfieur quarters, the population mean Fl is identical to the fire
whole area should burn roughly every 50 years. Howeverfotation (Figs. & and ).
much of the burning during a rotation may occur in a few This identity between the fire rotation and the population
fire years, with little or no area burned in most yearsmean Fl can be understood in a more general way. On aver
(Strauss et al. 1989). Moreover, if the fire rotation for aage, each square metre or any other areal unit of a study area
study area is 50 years, there may be considerable spatialill experience one fire during a fire rotation, as the fire ro
variability in fire rotations among smaller parts of the studytation is defined as the time needed to burn over an area
area (Fig. &). Fire-rotation calculation is illustrated for the equal to that of a particular area of interest a single time
four quarters of the hypothetical stand (Fige-1e). If some  (Romme 1980). It follows that, on average, each square
parts of a study area have fire rotations longer than 50 yearsnetre will receive the next fire after another fire rotation.
then other parts must have rotations less than 50 years fdrhen, it is a simple deduction that the mean interval between
the rotation for the whole study area to be equal to 50 yeardires, averaged across all square metres in a land area, must
The typical approach to estimate the fire rotation is to sunbe equal to the fire rotation for the land area. Regardless of
up the areas of individual past fires, but it is difficult to esti the land area, the fire rotation for that area is identical to the
mate the size of past fires in surface-fire regimes because giopulation mean Fl, as these two measures are simply con
the common absence of conspicuous changes in stand strucasting spatial and temporal derivations of the rate of burn
ture at surface-fire boundaries. ing.
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Table 2. A hypothetical example illustrating the use of fire-scar data to estimate stand-
level fire parameters.

Tree No.

Year Composite

1900
1899
1898
1897
1896
1895
1894
1893
1892
1891
1890
Fire intervals (years) 10
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No. of intervals 1 2 1 2 1
Mean interval (years) 100 45 9.0 50 3.0 Mean composite Fl =2.5
Mean individual-tree FI = 5.9

Note: An X indicates a fire-scar is present from that year, whal O indicates a fire-scar is not
present. Fire-scar intervals at the bottom of the table are only scar-to-scar intervals. Mean individual-
tree Fl is the weighted mean of the mean intervals for the five trees.

Now consider that trees, and the fire scars they containhut some authors also report fire intervals for individual
are similar to any other areal unit. However, fire-scarredtrees or the mean from a group of trees. We illustrate these
trees typically contain only a sample, not the population, oftwo alternative treatments of fire-scar data in a hypothetical
fire intervals, since not all scarred trees may be sampled, amstand (Table 2). In the individual-tree approach the list of fire
unrecorded fires occur. If all fires were recorded in the scarsintervals for each tree is first calculated, then the mean for all
an adequate sample from scars would accurately estimate tlige intervals on a particular tree is calculated. Individual-tree
population mean FI and fire rotation. In our hypothetical ex-mean Fls are then averaged among all the trees sampled in a
ample, we illustrate this by showing that, if four trees, one instand, weighted by the number of intervals, to estimate the
each quarter, each contain a record of all the fires thamean individual-tree FI. In the example, the mean individual-
burned in that quarter, then just these four trees can precisetyee Fl is 5.9 years. In contrast, mean composite FI, stmma
estimate the population mean Fl and fire rotation for therized along the right side of the table, is calculated by first
stand (Figs. & 1j, and K). creating a master chronology or composite that lists every

It is inappropriate to calculate the mean of the fire fota fire found on sampled trees. The set of fire intervals and pa
tions or the mean FI for the four quarters (Fig),lwhich is  rameters is then calculated from the composite. In the exam
58.3 years, to find the mean fire rotation or mean FI for theple, the mean composite Fl is 2.5 years. The important
whole stand, which is 50.0 years. To find the mean fire-rota distinction is whether actual intervals from individual trees
tion or mean FI for the whole stand from values in the fourare used (individual-tree approach) or intervals are created
quarters, a weighted mean is needed. The weights are tHem a list of compiled fire years (composite approach of
number of rotations or number of intervals in the time inter Dieterich 198@).
val of interest (100 years in this case). Thus, the mean fire How are the mean individual-tree FI and mean composite
rotation and mean FI for the whole study area are both calF| to be interpreted? The mean individual-tree FI, in a sense,
culated from fire rotations and mean Fls in the four quartergan be interpreted to be a minimum fire assumption; the
(Figs. d and 1g) as ((2 x 50.0) + (3 x 33.3) + (1 x 100.0) + only trees assumed to actually have burned in a particular
(2 x 50.0))/8 = 50.0 years. fire are those that contain a scar dating to the fire. There is

Of course, our hypothetical example is also quite simpleno correction or adjustment for unrecorded fires. The mean
and ideal. In reality, fires are irregular in shape, and fireindividual-tree Fl, thus, is uncertain, as it may overestimate
scars on trees do not record all the fires. Thus, we turn to théhe length of the population mean FI if there are unrecorded
problem of estimating the population mean FI from a set offires, and the magnitude of unrecorded fires is unknown. The
fire-scar samples. composite FI assumption, in a sense, is a maximum fire as

sumption, as each fire scar may be assumed to represent a
How are stand-level fire-regime parameters calculated fire that generally burned the entire stand, although fuel dis
and what do they mean? continuities may leave some unburned area inside the fire

It is common practice today to produce a compositeperimeter (e.g., Dieterich 198 The composite column
(Dieterich 198@) or master fire chronology (Grissino-Mayer contains an X if any tree experienced a fire (Table 2), censis
1995) for a stand or site from a sample of fire-scarred treegent with this interpretation. The composite FI also implies

© 2001 NRC Canada



Baker and Ehle 1209

that the fire-scar record on many trees is incomplete because = 21; Swetnam and Baisan 1996n = 2) where mean
of unrecorded fires and aims to offset unrecorded fires bycomposite Fl, based on all scarred trees, >10% scarred, and
compositing (Dieterich 198). The mean composite FI, >25% scarred, is reported. In this sample, mean composite
however, underestimates the length of the population meaRl for all scarred trees is 7.5 years, while it is 13.4 years for
Fl if there really are few unrecorded fires. However, becaus¢he >10% scarred class and 15.1 years for the >25% scarred
the magnitude of unrecorded fires is unknown, the composclass. The arbitrary choice of how much restriction to use
ite FI now more typically has an equivocal fire interpreta thus has a large influence on the value of the mean compos
tion, meaning only that a fire burned somewhere in the standte FI, but restriction does lead to a composite FI estimate
or site, not necessarily the whole area, after the compositthat better reflects larger fires that affect more land area.
FI. This interpretation recognizes that fires are spatially While a restricted composite FI may partially offset the
patchy, often not burning the entire stand (Arno andproblem of small fires, the composite FI has other problems
Petersen 1983; Barrett 1988; Goldblum and Veblen 1992)hat outweigh this benefit. First, the equivocal interpretation
Individual-tree Fls and composite Fls thus have different bubf the composite FI means that it is not suitable as an esti
compatible meanings. In the example (Table 2), trees mayhator of the population mean Fl and fire rotation for the
have a mean individual-tree FI of 5.9 years at the same timetudy area. Second, mean composite Fl declines as study
that fire occurs somewhere in the stand as a whole once ewrea size increases and more fires are found (Arno and
ery 2.5 years (mean composite Fl). Petersen 1983). Managers will seldom be able to find a-com
The individual-tree Fl is uncertain and the composite Flposite FI estimate for a study area of about the same size as
equivocal, so neither is likely to be equal to the populationthe area they plan to burn or are managing, yet this is essen
mean FI for the stand. At first glance, it may seem thattial if the composite Fl value is to be used as a guide. The
when unrecorded fires are common, the composite Ft estpopulation mean Fl and mean individual-tree Fl, in contrast,
mate may be closer to the population mean Fl, but when unhave no particular trend as study area size increases: Man
recorded fires are rare, the individual-tree Fl estimate isagers using prescribed fire are seldom able to simply set a
likely closer to the population mean FI. It could be arguedfire somewhere in a study area and let it burn as it will, yet
that the composite Fl is not intended to estimate the populathis would be compatible with the equivocal meaning of the
tion mean Fl, as it explicitly recognizes the equivocal naturecomposite Fl. Prescribed fires instead take place under con-
of the fire record. However, we suggest that the compositérolled conditions in which the fire is planned to burn until it
FI makes comparison of fire intervals difficult, since com- reaches pre-determined limits. The more relevant informa-
posite FI varies with spatial extent. Because of its equivocation for fire managers is how often an area should be burned,
nature, it is also not very useful in understanding the spatighow much land area to burn each year, or how often, on av-
ecology of fire or in providing guidance for land managers. erage, each tree should be burned. Information about the
spatial variability of fire also is needed. This information is

Problems with the composite FI also essential to understanding the spatial ecology of fires.

Each fire, whether small or large, potentially decreases the
value of the composite FI by the same amount, while smalBracketing uncertainty due to unrecorded fires
fires only affect the individual-tree FI value for the one to It would be ideal to be able to correct fire-interval esti
few trees scarred by the fire. Small fires may be common inmates for unrecorded fires. Unfortunately, methods of cor
ponderosa pine forests, as evidenced by the small number eécting for unrecorded fires have been proposed but rest on
fire scars that document most fire years (Fig. 2). Lightninguntested or invalid assumptions. Dieterich’s (188098®)
strikes, for example, may produce insignificant fires that scamethod assumes that each susceptible tree in a stand actually
only one or just a few ponderosa pines (Taylor 1969). On avwas burned by every fire that burned in the stand. This is the
erage, 72.4% of identified fire years, in an available samplenaximum fire assumption that is not supported by available
of ponderosa pine stands we obtained from the literature, arévidence. There are burned and unburned areas inside fire
documented by only one or two fire scars (Fi¢). Zor most  perimeters (e.g., Sackett 1980), so it cannot be assumed that
studies a high percentage of fire years is documented bynscarred trees adjacent to a fire-scarred tree also were
only one or two scarred trees. In some cases, few scars dopurned. To truly overcome the uncertainty of trees without
umenting a fire may result from a low scarring rate, butscars, and to estimate scarring rates, empirical observation
small fires appear to be common. of natural fires is necessary.

In part to offset the potential impact of numerous small  Until research can resolve or narrow the problem of unre
fires, some authors calculate a restricted composite Fl, igorded fires, a logical recourse is to explicitly estimate the
which compositing is restricted to only those fires that scarpossible range of the present uncertainty. We suggest as a
10%, 25%, some other percentage, or a minimum number dftarting point that, except for correction for other problems
the sampled trees (e.g., Grissino-Mayer 1995; Brown an@xplained later, the mean individual-tree FI and the restricted
Sieg 1996; Swetnam and Baisan 1896996, Veblen et al.  mean composite FI may span the limits within which the
2000). Fisher et al. (1987), for example, ignore spot firespopulation mean Fl lies, for the following reasons. If there
(scarring only one tree or a small group of trees) and ealcuare no unrecorded fires, then the mean individual-tree Fl is
late the mean interval between only the area-wide fires thagéqual to the population mean FlI and the fire rotation. I un
affect much of the landscape. recorded fires were common, then the mean composite FI

To assess the impact of percentage restrictions on meanight better estimate the population mean Fl and the fire ro
composite FI, we used data for 32 ponderosa pine standation. However, we argued that the composite Fl, unlike the
(Grissino-Mayer 1995n = 9; Swetnam and Baisan 1986 individual-tree FI, is very sensitive to small fires and thus
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Fig. 2. Percentage of the identified fire years versus the number of fire-scarred trees used to document those fire years, based on data
from (a) Arno (1976), Onehorsepf Arno (1976), Tolan; §) Arno (1976), West Fork;d) Dieterich (198@), Chimney Spring;

(e) Dieterich (198®), Limestone Flats;ff Stein (1988), Whiteman Springg) Stein (1988), Straight Canyonh)(Stein (1988), Seiler

Mill; (i) Rowdabaugh (1978), pre-1840 scaig;Brown et al. (1999), Fig. 6; andk) Goldblum and Veblen (1992) and)) the mean

for the 11 stands. Note that the length of tkeaxis is scaled to reflect the number of sampled trees.

40 40
NG N
0 e L L LN
0 5 10 0 5 10
40 40
2y © GEN A
0 0
0 0 5
60 - [
60 ]
a4 N (c) 407 (9)
204N 20
0- T T T || T 0 llﬂl‘il‘i
0 5 0
% 80 - 80
> 604N (d) EIN (h)
T 503 20
B 0- T T |r|v“|_| T 0- T IS@I
= 0 5 0 5
S 100
s ol
60 ]
% 40
£ 20
§ OLJ"”'5"”1'0””1'5””
(O]
o
sl
s o s e N
0 5 10 15 20
40 K
204 ( )
o
0 5 10 15 20 25 30
60
B, o
0 SR
0 5 10 15 20 25 30

Number of Fire-Scarred Trees Per Fire Year

varies with study area size and number of sampled trees. TBire intervals, tree regeneration, and the

offset this trend, the restricted composite Fl is likely to leadgyrigin-to-scar interval in ponderosa pine

to a better estimate of the population mean FI. How muchforests

restriction is needed, however, is unknown, and more re

search is needed. We suggest that restriction to >10% Our theoretical arguments suggest some modifications to
scarred and a minimum of two trees that are not in closeraditional approaches to analyzing the fire-scar record to ex
proximity may provide an initial restriction that is useful for plicitly quantify uncertainty. There are other modifications
bracketing, particularly since our review of the effect of re warranted, and other sources of uncertainty, after consider
striction suggests the composite FI changes more slowling fire intervals in relation to tree regeneration.

with greater restriction. Bracketing can also be used with Part of the difficulty with linking temporal and spatial
any other parameter (e.g., median, maximum, distributionfomponents of fire in ponderosa pine forests is that the role
of a set of fire intervals. of fire in ponderosa pine dynamics remains unclear, but fire
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Table 3. Mortality (percent killed) of seedlings in prescribed and natural (only the Weaver 1947 study)
fires in relatively pure ponderosa pine forests of the western United States.

Source Location*  Mortality Month(s) of burn
Gaines et al. 1958 EC AZ 98-99% of seedlings (<0.3 m tall); Sept.—Oct.

most trees <1.0-1.2 m were killed
Lindenmuth 1962 EC AZ 58% of trees <1.4 m tall Nov.-Dec.
Show and Kotok 1924 N CA 97% of trees <5 cm DBH Spring and fall
Gordon 1967 NE CA 99% of understory trees Oct., May, June
Wooldridge and Weaver 1965 NC WA 95% of trees <3.0 m tall; Sept.

98-99% of seedlings (<0.3 m tall)
Weaver 1947 NC WA 90% of area of 40-year-old Sept.

reproduction
Gartner and Thompson 1973 W SD Nearly 100% of seedlings Apr.
Bock and Bock 1984 W SD 93% of trees <1.4 m tall Oct., Apr.—May

*AZ, Arizona; CA, California; SD, South Dakota; WA, Washington. EC, east central; N, north; NC, north central;
NE, northeast; W, west.

intervals must occur that are sufficiently long to allow some1967) of the area inside the burn perimeter. Many of these
tree regeneration. Fires are thought to both promote regenefires, however, were low-intensity, cool-season prescribed
ation (Show and Kotok 1924; Cooper 1960; Sackett 1984fires that may be patchier than higher intensity, warm-season
White 1985) and kill young seedlings (Cooper 1960;fires would be. Sackett et al. (1996) suggest that ponderosa
Covington and Moore 1992, 1984199%). The success of seedlings survive where absence of overstory pines leads to
tree regeneration may thus be influenced by the net outcome lack of pine-needle litter sufficient to enable fire spread.
of these competing roles, which must be played out spaShow and Kotok (1924, pp. 60 and 61) also observed the
tially. For ponderosa pine forests to be perpetuated, regenefellowing:

ation must generally occur in fire-free windows that shift Surface fires during any season of the year, under any

spatially across the landscape. Shifting is necessary, as long-
term regeneration failure in some part of the landscape may
lead to loss of ponderosa pine dominance.

Seedlings in ponderosa pine forests do not scar well, be-
cause they have thin bark that offers little resistance to heat,
and they are subject to mortality from crown scorch. Also,

method of control, destroy practically all seedling repro-
duction up to 6 feet high on areas actually burned. Since
these fires are normally patchy, however, a single or even
a series of light fires does not necessarily result in wiping
out completely all small reproduction within the exterior
boundaries of the burned area.

their stems are of insufficient size to produce the differentialunburned area inside a fire perimeter provides a mechanism
heating that leads to leeward scarring as flames pass (Gutséfir the survival of small groups of trees inside a fire perime-
and Johnson 1996). As a result, in surface fires, seedlinggr, but how long must the area remain unburned before
experience mortality rates well above 90%, although someeedlings are large enough to be able to survive a fire?
seedlings do survive (Table 3). Nearly all these studies are of One way to estimate how long the fire-free interval must
controlled, low-intensity surface fires during modest burningbe for trees to successfully regenerate is to examine the
conditions in cool fall or spring periods. Some may argueorigin-to-scar (OS) interval on fire-scarred trees (Fig. 3).
that higher fuel loads due to fire exclusion may elevate-mor This is the interval between the year of origin of the tree and
tality in these controlled burns relative to pre-Euro-the occurrence of the first fire scar (Keeley and Stephenson
American conditions. However, this concern is offset by the2000). The logic is that trees that survived fires must gener
fact that mortality during hotter periods, when natural firesally have experienced the necessary fire-free interval. To
more likely were common, would also have been higherevaluate the OS interval, we use available data on its length
One anomalous fire, with <90% mortality of seedlings, wasfrom five studies that present individual-tree data and three
during atypical cool conditions in early winter (Lindenmuth studies with only summary statistics (e.g., mean) (Fig. 3).
1962). It is well known that as seedlings increase in heightrhe first part of Fig. 3, up to about the 41- to 60-year-old
and diameter, they have a higher probability of surviving aage-class, likely reflects the increasing tendency of seedlings
fire, so high mortality values decrease rapidly as trees reacto survive a fire, although not without a scar from it. The de
5 cm or more in diameter (citations in Table 3). clining part of the curve, from the 41- to 60-year-old age-
The necessary regeneration window may occur primarilyclass on to the end, may reflect the increasing ability of the
when fire fails to reach all locations containing seedlings ortree, through thicker bark, to resist an initial scar (Vines
when fire occasionally does not reach an intensity sufficientL968). It thus appears that, before about 20 years of age (be
to kill seedlings, essentially the same reasons that a largeause of death) and after about 150 years of age (because of
tree may lack a scar (Table 1). Surface fires in ponderosheat resistance), unscarred trees have a low probability- of re
pine forests do generally leave some of the area inside thegording any surface fire. However, these data suggest a fire-
perimeters unburned (Dieterich 1390 The unburned area free interval of about 50 or more years is generally required
has been found to be 10% (Wooldridge and Weaver 1965)pr ponderosa pine trees to successfully regenerate.
14% (Sackett 1980), 21.5% (Lindenmuth 1962), 31% (Show Do the necessary fire-free intervals of 50 or more years
and Kotok 1924), 38% (Davis 1965), or even 58% (Gordoncommonly occur in ponderosa pine forests? If the composite
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Fig. 3. Percentage of total scarred trees receiving their first fire scar after particular time intervals. These time intervals also represent
the origin-to-scar (OS) interval for the tree.

Median=70
20
i § Mean=81  Data Sources for Graph:
Dieterich 198@& (n=5) Mean = 122
7 Madany and West
4 § 1980 (n=58) Mean = 77
Rowdabaugh 1978 (n=19) Mean = 101
7 Stein 1988 (n=13) Mean = 86
15 - Swetnam and Dieterich
1985 (n=24) Mean = 63
o T § Total (n=119) Mean = 81
o _
|_
3 4 Other Data:
% i Kilgore and Taylor 1979 Mean = 96
c‘f)) '§ Laven et al. 1980 Mean = 81
“ 10 Savage 1989 Mean = 59
o i
o) §
8 i
c
©
o i
o) § § §
n_ -
5 —
) Q| § Q Q
0 T ! — T 1 T T 1 T
S S S S S S S S S S S S S
© S © S O
R A S S A A A
o AV © ~ ~ ~ ~ ~ ~ ~ ~ ~
S Y Y e 2§ & <
Age at First Scar (Years)

Fls, under the maximum fire assumption, mean that fires re(Savage et al. 1996). Second, there are dating problems. The
curred every 2-25 years at a point (Fig, Zable 4), regen fire scars from which a pith date comes may have been ob
eration could not generally succeed. However, the maximuntained some distance above the root collar, so the pith date is
interval, not the mean FI, may be most relevant. In only anot as early as the actual birth date of the tree. However,
few stands do maximum composite FIs occasionally reaclhese problems both would mean that the population GS in
the necessary 50 or more years (Fig).4uch long intervals terval may actually be longer than the estimated OS interval.
are almost non-existent in the southwestern United StateBetter estimates of the OS interval and more complete fire-
(Table 4; see ranges from studies in New Mexico and Ari scar records in general can be obtained from wedges or core
zona), where composite Fls are generally shortest. Under theamples extracted closer to the tree base (Dieterich and
equivocal fire interpretation, reported mean composite FlSwetnam 1984). If this is not possible, an estimate of poten
(Fig. 4a, Table 4) imply only that a fire occurred somewhere tial dating errors can be added to the OS interval, as is-com
in the study area about every 2-25 years. There would aimonly done in estimating the origin date of trees. Since the
ways be places that experienced longer fire intervals, and population fire-free interval may be at least as long as the
is in these places that fire intervals sufficient for tree regenOS interval, the OS interval is still appropriate to include
eration must have occurred. The mean OS interval of 8when bracketing. Omitting it is also an error, possibly a
years is also within the range of individual-tree FIs in manylarger one, since it estimates a real fire interval, and is often
stands where data are available (Table 4; see individual-tre@mong the longest and most ancient intervals in the record.
FI ranges). This comparison suggests that the necessary firBinally, just as with any fire interval, there is potential for
free intervals of 50 or more years did occur in ponderosainrecorded fires. Seedlings are less likely than are larger
pine stands. trees to survive unrecorded fires, so the OS interval is more
Since the interval needed for tree regeneration must occuikely than scar-to-scar intervals to be a true fire-free inter
in these stands, this interval should be included in the estival.
mate of the population mean Fl. There are a few consider What is the effect of including the OS interval in the cal
ations when using the OS as a fire interval. First, it is notculation of mean FIs? We compared mean individual-tree FI
clear that it always begins with a fire, since tree regenerationvithout and with the OS interval for eight stands where
in ponderosa pine forests can be initiated by a variety ohecessary data were available (Table 5). Mean individual-tree
events and conditions, such as favorable climatic episodesl with OS is strongly linearly related to mean individual-tree
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Fig. 4. Stand-level ¢ mean composite fire intervals ant) (maximum composite fire intervals in ponderosa pine forests of the-west
ern United States, for two levels of sampling intensity. The studies that are the basis for this graph are listed in Table 4.
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FI without OS, and is, on average, about 1.6 times meammportant to evaluate the mean composite Fl further. Since
individual-tree FI without OS (Table 5, Fig. 5). This esti small fires may be common, we expected area sampled and
mate is based on a small sample, and the OS values are poumber of sampled trees to influence variation in available
tentially imprecise because of dating problems. Our purposegstimates of mean composite Fl throughout the western
however, is to provide an initial estimate of the magnitudeUnited States (Fig. 6, Table 4). This relationship has been
of the effect from omitting the OS and to encourage cellec found previously in smaller areas (e.g., Arno and Petersen
tion and use of OS data. 1983). We divided the part of the western United States, for
which stand-level data are available, into three regions
(Fig. 6). We then used MINITAB version 12 (MINITAB,
Inc. 1997) to complete a best subset regression (Draper and
Smith 1981), with region as a dummy variable and with
stand area and number of sampled trees as possible predic
fors of mean composite FI. Overall, region is the strongest
redictor of mean composite FRgdj = 29.9%), but stand

Potential biases in sampling methods in
fire-history analysis

Sample size
Since a restricted mean composite Fl is one potential limi
for the bracketed estimate of the population mean FI, it i
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Table 4. Studies of fire history in ponderosa pine forests of the western United States.

Stand individual-

Sites Stands Stand composite FI tree FI
Area or
extent of No. of Mean Range Stand area No. of Mean Range Mean Range
Source Locatiof site trees (years) (years) Stand No. or name (ha) trees (years) (years) (years) (years)
Arno 1976; W MT Within — — — Onehorse 80-325 11 6 2-20 23 —
Arno and Petersen 1983 100 km Tolan 80-325 4 11 2-18 11 —
West Fork 80-325 7 10 2-18 21 —
Arno et al. 1995 W MT Within — — — 1-1 1 2—-4 32 17-47 — —
15 km 1-2 1 2-4 31 17-47 — —
1-3 1 2-4 26 7-51 — —
Within — — — 2-1 1 2-4 47 19-83 — —
0.5 km 2-2 1 2-4 52 37-85 — —
2-3 1 2-4 50 35-97 — —
— 3-1 1 2—-4 13 5-41 — —
Within — — — 4-1 1 2-4 31 8-66 — —
5 km 4-2 1 2-4 18 11-28 — —
Barrett 1988 NE ID 1215 ha 75 4 — 10 stands <40 ca. 2 each 5-28 — —
Bork 1984 C OR Unknown 31 7 — 6 stands 16 ca. 5each 24 16-38 — 4-100
35 4 — 6 stands 16 ca. 6 each 11 7-20 — 13-74
48 8 — 6 stands 16 ca. 8 each 15 9-25 — 13-100
Brown et al. 1999 C CO 3000 ha 153 9 1-29 Old cluster 30 23 21 3-58 P 77 3-160°
Brown et al. 2000 W SD Within 19 — — UPC 10-20 9 — 11-74 — —
0.5 km UPM 10-20 10 — 13-72 — —
SE WY Within 22 — — ASL 10-20 12 — 8-74 — —
1 km ASU 10-20 10 — 8-82 — —
S CO 10-20 ha 17 — — HCK 10-20 17 — 2-41 — —
Brown and Sieg 1996 W SD Within 57 16 1-45 JCS ca. 50 16 23 7-93 €32 7-19%
7 km JCE ca. 200 16 23 1-77 37 5-15F
JCN ca. 50 11 20 4-45 81 6-8¢
JCC ca. 50 14 23 1-63 a2 5-154
Brown and Sieg 1999 W SD Within 42 — — WCN 20-25 12 12 3-32 — —
12 km PIG 20-25 14 10 2-23 — —
GOB 20-25 16 12 3-34 — —
Dieterich 198@ N AZ Unknown — — — Chimney Spring <10 7 5 1-31 1f 2-3F
Dieterich 1980 N AZ Unknown — — — Limestone Flats <10 10 2 1-9 — —
Dieterich and Hibbert 1990 N AZ Unknown — — — Battle Flat 87 7 2 — — —
Freedman and Habeck NW MT Within Unknown 14 ~2-88 21 0.0375 Unknown 22 ~2-88 — —
1985 30 km 23 0.0375 Unknown 25 8-40 — —
27 0.0375 Unknown 24 ~5-49  — —
29 0.0375 Unknown 30 ~10-58 — —
31 0.0375 Unknown 26 ~3-54 — —
35 0.0375 Unknown 23 ~9-37 — —
36 0.0375 Unknown 16 ~5-3¢0 — —
40 0.0375 Unknown 26 17-38 — —
44 0.0375 Unknown 36 20-88 — —
48 0.0375 Unknown 25 9-40 — —
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Fulé et al. 1997
Goldblum and Veblen 1992
Grissino-Mayer 1995

Heyerdahl 1997

Laven et al. 1980
Madany and West 1980

McBride and Jacobs 1980
McBride and Laven 1976
Morino 1996

Rowdabaugh 1978

Savage 1989; Savage and NW NM

Swetnam 1990
Sherman 1969
Skinner and Laven 1982

Soeriaatmadja 1966

Steele et al. 1986
Stein 1988

N AZ 700 ha 51
N CO — —
NW NM Within ca. —
20 km
NE OR ca. 1620 ha —
ca. 1620 ha —
ca. 1620 ha —
ca. 1620 ha —
N CO Unknown —
SW UT 3640 ha 119
S CA Unknown —
S CA Unknown 26
SW NM Unknown —
N CO Unknown 19

6563 ha 16

C OR ca. 2000 ha 85
N CO Unknown 8
E OR ca. 3000 ha 75
ca. 8000 ha 123
ca. 6000 ha 64
W ID Unknown —
SW uUT 78 400 ha —

10
10

10

12

1-56
1-18

Cerro Bandera E
Cerro Rendija
Lost Woman
Cerro Bandera N
La Marchanita
Candelaria
Hoya de Cibola
Mesita Blanca
Hidden Kipuka
2 stands
2 stands
1 stand
8 stands
Wintersteen Park
1

None
None
Snag Saddle
Side Canyon 3
Ledge
None
None

None
Moraine Park
Beaver Mead.
Horseshoe Park
Hondius Park
None
None
None
5
Whiteman Spring

600
12.3
8.2
10.6
14.0
42.9
8.5
12.6
54.8

Unknown

Unknown
Unknown

Unknown

<10
Unknown

GNNDNDWOWNNDEWWNDN

1-3
5

46 2-49 69
6 1-12 —
9 1-25 —
8 2-28 —
6 1-16 —
6 1-16 —
7 2-17 —
12 2-31 —
9 2-29 —
14 3-55 —
27, 71 — —
24, 807 — —
a3 — —
median 12 — —
— — 66
¢ 28 — —
29 — —
19 — —
37 — —
19 — —
14 — —
19 — —
19 — —
9 i i
22 — —
16 — —
19 — —
4 _ _
5 1-9 —
8 1-29 —
10 1-27 —
— — 49
— — 58
— — 62
— — 34
— — 28
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Table 4. (concluded.

Stand individual-

Sites Stands Stand composite FI tree FI
Area or
extent of No. of Mean Range Stand area No. of Mean Range Mean Range
Source Locatioh site trees (years) (years) Stand No. or name (ha) trees (years) (years) (years) (years)
Straight Canyon Unknown 4 15 2-43  3(° 9-59
Seiler Mill Unknown 5 18 1-48 3 11-81
Swetnam and Baisan 1986 AZ and NM  Unknown — — — Camp May East 10-100 6 17 1-46 — —
Canada Bonita S 10-100 31 10 2-29 — —
Capulin C. Mid. 10-100 15 9 1-21 — —
Rito de los Fri. 3 10-100 18 6 1-13 — —
Rito de los Fri. 5 10-100 12 8 1-24 — —
Manzano Mountains N 10-100 19 9 2-38 — —
Castle Creek 10-100 17 3 1-11 — —
Fillmore Creek 1 10-100 7 5 1-21 — —
Fillmore Creek 3 10-100 10 6 1-23 — —
Ice Canyon 10-100 7 7 1-33 — —
Zuni Mountains 10-100 7 6 1-17 — —
Swetnam and Baisan 1996 SE AZ Unknown — — — Rose Canyon Unknown 11 6 1-15 — —
Animas North Unknown 18 5 1-16 — —
Swetnam and Dieterich SW NM 303500 ha — — — McKenna Park <160 16 ¢5 1-16 14 3-130
1985 Langstroth Mesa <160 18 5 1-26 12 2-14F
Gilita Ridge <40 10 8 1-39 16 1-66
Touchan et al. 1995 N NM Unknown — — — Monument Canyon 259 30 6 1-12 — —
Continental Divide 27 27 12 1-12 — —
Touchan et al. 1996 N NM Unknown — — — Ban-Group 3 110 18 6 1-21 — —
Pajarito Mtn. Ridge 3.5 26 6 1-21 — —
C. Pedernal 16 26 12 1-51 — —
Clear Creek C.G. 130 20 6 1-24 — —
Veblen et al. 1996 N CO Within — — — LSB 123 55 7 1-29 30 3-84
40 km MSB 291 71 12 1-54 73 9-87
LMB 281 70 8 1-65 43 4-72
FMI 172 59 11 1-39 46 4-118
ULH 267 76 13 1-100 73 7-130
JCR 219 43 21 1-49 53 12-73
SSV 597 98 9 1-30 46 9-109
NSV 384 45 12 1-33 62 23-85

Note: Studies are included if they are published or generally available; excluded are unpublished reports. Where the cited studies contained dzsts fotimerfoihan relatively pure ponderosa pine,
only the ponderosa pine data are included here. Table entries are, for sites and stands, mean composite FI or individual-tree Fl, rounded ttanteganedvere data are also presented for Weibull ¢
median intervals or for 10 or 25% scarred classes (e.g., Grissino-Mayer 1995), only the mean interval for all scars is presented here. Meang scerfto-scar intervals, and only for the pre-Euro-
American period, where it was possible to separate data by period. Some studies present data at other spatial scales (e.g., watershed; Madag8g@ndudwse other scales are omitted here.
Some studies (e.g., Fisher et al. 1987) are not included here, because they do not report intervals for all fires or contain little or no recond-@&meei¢an fires (e.g., Weaver 1951) or are based

on isolated, single trees (Weaver 1951, 1959). Some studies repeat data from previous studies; only new sites are included. Number of treesriotHeeiscabred trees sampled.
®AZ, Arizona; CA, California; CO, Colorado; ID, Idaho; NM, New Mexico; OR, Oregon; SD, South Dakota; UT, Utah; WA, Washington; WY, Wyoming. C, Gereasf; EC, east central; N,

north; NE, northeast; NW, northwest; S, south; SE, southeast; SW, southwest; W, west.
bValue has been estimated from a graph.
“Value has been computed from data in a table or graph.

Yvalue has been re-computed, because number of fires rather than number of intervals was used to calculate the mean interval.
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Table 5. Comparison of mean individual-tree FI without and with the origin-to-scar (OS) interval in
cluded, for eight stands of ponderosa pine.

Mean individual-tree FlI

Source Location Stand name Without OS With OS Ratio
Dieterich 198@ NC AZ Chimney Spring 12.0 24.0 2.00
Rowdabaugh 1978 NE CO — 39.8 69.9 1.76
Stein 1988 SW UT Whiteman Spring 229 35.9 1.57
Stein 1988 SW UT Straight Canyon 27.3 45.7 1.67
Stein 1988 SW UT Seiler Mill 32 43.1 1.35
Swetnam and Dieterich 1985 SW NM McKenna Park 13 16.6 1.28
Swetnam and Dieterich 1985 SW NM Langstroth Mesa 12 19.7 1.64
Swetnam and Dieterich 1985 SW NM Gilita Ridge 15.1 20.6 1.36
Mean 21.8 34.4 1.58

Note: These stands are the only eight for which appropriate data (years for each fire and pith year) are available.
Means reported here may differ from those in Table 4, because only trees that contained the pith could be used here.
See Table 4 for location abbreviations.

Fig. 5. The relationship of mean individual-tree FI with the
origin-to-scar (OS) interval included and without the OS interval
included. The line is the result of a linear regression using
MINITAB (MINITAB, Inc. 1997).
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area accounts for an additional 13.1%) of the variation

ate when comparing stand-level summary data among sites.
Further analysis of fire-interval data and appropriate statisti
cal techniques is warranted.

If sample size influences composite Fl, is there a mini
mum sample size needed for estimating stand-level compos
ite FI? We could best test this by re-calculating mean
composite FI as sampling area and number of trees increase,
but insufficient data are available for this in the published
literature (Table 4). We instead used the number of detected
fires, which is directly related to mean composite FI; all
studies with sufficient data were included (Table 4). Where
the final number of detected fires is less than about 20 for a
particular stand, new fires accumulate more slowly after
about 10 fire-scarred trees or even fewer in some instances
(Fig. 7). Where the number of detected fires is greater than
about 20, a decline in accumulation seems to occur after
more than about 10 fire-scarred trees have been sampled. In
two cases (Rowdabaugh 1978; Swetnam and Dieterich 1985,
McKenna Park), a decline in the rate of accumulation of new
fires was not evident after 17 and 16 sampled trees, respec
tively. In these two studies, samples were dispersed over a
wide area. These results suggest that 10 or more contiguous
fire-scarred trees may be generally needed to identify the
majority of fires in a ponderosa pine stand for estimating
mean composite FI. However, the level of accuracy needed

in mean composite Fl. Within the northern Rockies, standor a particular purpose really governs the sample size.

area accounts for 38. 40/%1) of the variation in mean com

When stand-level mean composite FIs from fewer than 10

posite Fl. In the southern Rockies, number of sampled treegees or less than 10 ha samplmg areas are removed, the

accounts for 66. 8%f€d) of the variation in mean composite
Fl. In the Southwest number of sampled treéﬁd(—
18.5%) and stand areﬁegg 6.9%) explain less of the vari

range of mean composite FIs in ponderosa pine forests is
much narrower (Fig. d). Many of the unusual maximum Fls
no longer occur (Fig. ), suggesting that they may be an ar

ation in mean comp05|te FI. Sampling intensity (area, numtifact of insufficient sampling. However, aftefl0 trees are
ber of trees) is thus potentially important in explaining sampled a new fire is still often found every few trees sam
variation in mean post-Cls within some parts of the westerrpled (Fig. 7), so there is no definite endpoint. Adequate-sam

United States.

pling does not resolve a central difficulty with the composite

A brief aside is in order. Here and in other places in thisFl. Even after samplingl0 trees, on average 70% or more

paper we use parametric statistics. Fire-interval data within af fires in the composite are recorded by only 1 or 2 trees,
stand are often not normally distributed (Grissino-Mayersuggesting they could be small (Figs, 2e, and 2-2). In-
2000), suggesting that nonparametric statistics may be agluding all these fires lowers the mean composite FI substan
propriate. However, mean Fls, compared among stands, afially.

pear to have distributions that are unimodal and not strongly The mean individual-tree Fl is not as sensitive as is the
skewed, once inadequately sampled stands are omitted (solidean composite FI to small fires, since a small fire only af
bars in Fig. 4). Thus, parametric statistics may be apprepri fects the fire intervals on the particular tree or trees that have
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Fig. 6. Fire-history studies of ponderosa pine forests in the western United States, and the three regions used for analysis in this study.
Studies are those listed in Table 4.
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that scar. Tree-to-tree variation in mean individual-tree Fl iswith open wounds (cat faces), and) (relict, unharvested

not so high that an adequate sample at the stand level-is diforests (e.g., Arno and Sneck 1977; Brown and Sieg 1996;
ficult to obtain. Power analysis (Steidl et al. 1997) suggestSwetnam and Baisan 1996Veblen et al. 2000). Swetnam
that sample sizes typically collected for stands or sites irand Baisan (1999 suggest that the most efficient way to
fire-history studies are often sufficient to detect as little as adocument fire history is to locate multiple-scarred trees that
25-50% difference in mean individual-tree FI between twowill result in a long fire-history record that is as complete as
stands, with acceptable power, defined as >0.90 (Table 6possible. Trees already scarred by a fire, it is argued, may be
However, where fire intervals are short (e.g., southwesterbetter recorders of subsequent fires because of increased
United States), actual sample sizes are only sufficient to desusceptibility to scarring (Arno and Sneck 1977; Kilgore and
tect about a 50-100% difference in means with acceptabl@aylor 1979; Laven et al. 1980). Also, multiple-scarred trees

power (Table 6). are often older trees surrounded by fine-fuel accumulations
(needles, cones, and small branches) that may increase fire
Targeted sampling intensity and, thus, it is argued, the probability of recording

Often the primary goal of sampling has been to obtain dires. Trees with open scars have been sought or recom
long and complete record of fires, particularly fires in themended (e.g., Arno and Sneck 1977), in part because they
pre-Euro-American era. We reviewed the criteria used to secan be removed with less damage to the tree (Kilgore and
lect sites, stands, and sample trees in ponderosa pine studi€gylor 1979), but also because the open cat face may in
in the western United States (Table 4). There is a widespreacrease the ability of the tree to record subsequent fires.
focus on the temporal component of the fire regime, whichFinally, in landscapes where older trees have been exten
leads to sampling in which the following are often sought:sively harvested, it is possible to use the stumps in some
(i) old trees with potentially long fire recordsj)(high fire- cases (e.g., Teensma 1987; Weisberg 1999). In harvested
scar densities,ii{) trees with multiple fire scars,i\) trees landscapes where stumps are unusable, it may be impossible
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Fig. 7. Cumulative number of detected new fires as the number of sampled fire-scarred trees increases, for 12 stands of ponderosa pine
in the western United States.
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to obtain records of the pre-Euro-American fire regime with pseudoreplication” (Hurlbert 1984), because the physical
out intentionally seeking relict, old ponderosa pine forestssampling space is more restricted than the inference space,
which may only be found in isolated patches on steep slopewhich is the study area as a whole. Pseudoreplication from
or in rugged topography where logging was difficult or-im targeting leads to a biased estimate, typically with estimated
possible (Arno et al. 1995). mean FI shorter than the population mean FI, and with other
Targeting may be effective to obtain a long fire record, butstatistics also affected. Young or dense stands or areas with
targeting significantly biases the value of the sample for estilow scar densities cannot be categorically excluded from
mating the population mean FI and the fire rotation. Placesampling if the goal is to estimate parameters of the fire re
with high scar densities and multiple-scarred trees may b@ime in a study area (Lorimer 1985).
places with disproportionately frequent surface fires and The occurrence of crown fires may be underestimated be
long periods without crown fires, since old trees that wouldcause of targeting. It is a common statement that crown fires
be killed by crown fires are often sought. The places that arare now more common as a result of fire suppression in pon
left out, because of this targeting, may be places with lowederosa pine forests (e.g., Covington and Moore b9%his
fire frequency or that have experienced crown fires in the reconclusion cannot be supported or refuted using data from
cent past. Goldblum and Veblen (1992) found most fire scarsnost past fire-history studies in ponderosa pine forests, since
in open stands or on ridges, not in dense stands. Grissindhe common use of targeting is biased against the detection
Mayer (1995) avoided sampling in the parts of a study are®af crown fires. Not only are the places that may have crown
where there were few or no fire scars, possibly because dires often avoided, but also the necessary data, such as tree-
younger stands. These studies may be legitimate for their irorigin dates, are seldom collected because of a focus on long
tended purposes (see below) but are biased if the goal is fre-scar records.
estimate parameters of the fire regime in the whole Jand |s it targeting to restrict sampling to trees with scars? Un
scape (Lorimer 1985). burned area inside a fire perimeter represents a potentially
For the goal of estimating the population mean Fl and firelonger fire interval. Some parts of a stand may repeatedly es
rotation for a study area, targeted sampling is “mensurativeape burning for a variety of reasons (e.g., rocky or have lit
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Table 6. Power analysis for scar-to-scar individual-tree Fls in ponderosa pine forest stands.

Sample sizen) needed to
Individual-tree  Actual sample ~ detect a difference of

Source Stand name Fl (years)* size () 25% 50% 100%
Brown et al. 1999 Old Cluster 75%32 16 63 17 6
Brown and Sieg 1996 JCN 31+8 11 24 7 3
Brown and Sieg 1996 JCC 4249 14 17 6 3
Brown and Sieg 1996 JCE 37+14 16 50 14 5
Brown and Sieg 1996 JCS 32+11 16 41 11 4
Dieterich 198@ Chimney Spring 11+7 7 138 36 10
Rowdabaugh 1978 — 40+24 19 123 32 9
Stein 1988 Whiteman Spring 23+4 5 12 4 3
Stein 1988 Straight Canyon 305 4 11 4 3
Stein 1988 Seiler Mill 32+9 5 28 8 4
Swetnham and Dieterich 1985 McKenna Park 13+6 16 73 19 6
Swetnam and Dieterich 1985 Langstroth Mesa 12+7 18 116 30 9
Swetnham and Dieterich 1985 Gilita Ridge 16+6 10 49 13 5

Note: The sample sizen] needed is the nhumber of sampled, fire-scarred trees needed to detect a particular percentage difference in mean
individual-tree FI, with a statistical power of 0.90, assuming a two-samfsst to test the null hypothesis that two means do not differ.
Power analysis was completed using MINITAB release 12 (MINITAB, Inc. 1997).

*Values are mean * SD.

tle fuel, persistently too moist to carry a surface fire, isolated The magnitude of the effect on fire intervals from target-
by fire breaks). Parts of stands may accidentally escape fireng is potentially large but is really uncertain, because few
for exceptional periods just because the pattern of firdire-history data have been collected without targeting. There
spread is somewhat stochastic. These semi-permanent are no published comparisons and no specific studies of tar-
spatially varying fire refugia may be ecologically important, geting. Targeting multiple-scarred trees has the greatest po-
allowing fire-susceptible species to persist as well as tree raential for bias where the standard deviation of the
generation to occur (e.g., Greenberg and Simons 1999). Firedividual-tree FI is large relative to the mean. This is espe-
intervals from these parts of stands should be included in theially the case in the southwestern United States (Table 6).
estimate of the population mean FI and other descriptors ain these places, there is more opportunity to find trees with
the fire regime (e.g., maximum fire interval) for the stand.atypically short fire intervals. Targeting may have less effect
Trees that lack scars either did not receive flames or did reif fires are generally large and there is little tree-to-tree vari-
ceive flames but resisted scarring (Table 1). If a tree did noation in fire intervals. However, we argued earlier in the pa-
receive flames, then its age is an estimate of the fire-free inper that fires may often be small.
terval, subject to the same limitations as the OS interval. \We investigated the potential impact of targeting multiple-
Some trees that lack scars thus do represent real fire-free i@carred trees, 0n|y one form of targeting, using the on|y
tervals that are ecologically important. available data we could find. These data are from a case
The prevalence of unscarred trees that represent real firgudy of a subalpine forest (not ponderosa pine) in southeast
intervals is dependent on the rate of scarring and the amourirn Wyoming (Kipfmueller and Baker 200Qphere 56 stands
of unburned area. For example, consider a stand of 100 treagere searched for fire scars without targeting multgdesred
burned by a particular fire, in which 20% of the area insidetrees. The fire rotation was estimated to be 129.7 years using
the fire perimeter did not burn (so about 20 trees unburned)econstructed fire-year maps. If all scarred trees in 56 stands
Of the remaining 80 trees, if the rate of scarring is 10%,are used, mean individual-tree Fl is 124 years. If only trees
then 8 trees may be scarred and 72 unscarred even thouglith two or more scars are used, then mean individual-tree
they received flames. So 20 trees may have long fire dinterFl is 79 years. Ifonly trees with three or more scars are used,
vals that are real and 72 may have long fire intervals that aréhen mean individual-tree Fl is 60 years. If only trees with four
not real, because the fire is unrecorded. For a particular tre@r more scars are used, then mean individual-tree Fl is 47
it is impossible to tell which is the case, so it is difficult to years. Thus, only the mean individual-tree FI without target
conceive of a correction for this problem. Sampling onlying provides an accurate estimate of the fire rotation, and
scarred trees may be reasonable, given that no other solutidargeting leads to an underestimate of the fire rotation by a
is obvious, but this clearly biases the estimate of the meafactor of as much as 2.6 times, if only trees with four or
Fl against longer fire intervals. This bias is most significantmore scars are used. These data from a subalpine forest do
when fires typically leave much unburned area inside theinot provide definitive evidence of the magnitude of bias from
perimeters and the scarring rate is high. At the present timdargeting in ponderosa pine forests, where further research is
there may be no other obvious solution than to state how thaeeded, although the principle is the same regardless of the
estimated parameter is affected (e.g., length of mean FI idominant tree. This example suggests that targeting multiple-
underestimated). Additional research could help reduce thscarred trees could significantly bias the estimate of the pop
magnitude of the bias and devise potential corrections for it.ulation mean Fl, fire rotation, and other parameters.
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Table 7. Sources of change in estimates of mean fire interval, relative to composite Fl estimates, in ponderosa pine
forests of the western United States.

Likely direction of change if Potential Source of
Source of change remedied magnitude estimate
Restricted mean composite FI Lengthen mean FI About 1.8 times Text
(>10% scarred)
Inclusion of OS interval Lengthen mean FI About 1.6 times Fig. 5
Use of mean individual-tree FI Lengthen mean FI About 2-3 times Fig. 8
Targeted sampling Lengthen mean FI Possibly 2—3 times Example in text
Adequate sample size Narrow the range of mean Fls Perhaps by half aig. 4

While targeting is likely to lead to biased estimates of firedence that old forests with long fire records tend to survive
intervals, there may be a need for screening to ensure that atypical places in the landscape (Camp et al. 1997), per
individual-tree estimates of fire intervals are good estimateshaps where crown fires may be less likely. If so, long fire re
Where scars are rotten or are physically difficult or impessi cords could be inherently biased (but may not be) relative to
ble to remove, screening seems legitimate and necessary, #ghe fire regime typical of the whole landscape. One way to
though there is a potential for bias even from this minoranalyze this potential bias is to explicitly determine how
screening. Rotten scars may be old, and their exclusion maepresentative are the environments containing the pepula
bias the sample against the early part of the potential recordion and sample relative to the environments in the {and
Old, healed-over scars present the same problem. The firsctape as a whole (e.g., Teensma 1987).
fire scar on a tree increases the chance that subsequent fireswhile fire evidence does disappear over time, and more
will be recorded as scars, but the first fire scar also increasesncient fire intervals will be more difficult to sample ade
the chance of scarring by fires that burn only one tree; thesguately, the same sampling adequacy requirements apply to
fires may be common (Fig. 2). While it may be possible tomore ancient fire intervals. If fire evidence did not disappear
exclude scars produced by single lightning strikes on a parever time, then a researcher could obtain a pre-sample of an-
ticular tree, this screening may exclude larger fires that argient fire intervals to estimate the variability of fire intervals,
recorded only on the tree that experienced the ignition. Thughen use power analysis to estimate the necessary sample
without further research it is unclear whether screeningsize needed to detect a particular difference in mean FI with
based on recorder trees, is likely to increase or decrease thglequate power, as explained earlier. The power analysis is
accuracy of the estimate of the population mean FI and firdor a repeated measures test, rather thantest, since the
rotation. Testing the effect of restriction of sampling to re-same sampling units (scarred trees) often are observed over
corder trees is also part of the needed modern calibration.time. More ancient fire intervals are rarer, so it will likely be

more difficult to obtain an adequate sample. More ancient
Sampling pre-Euro-American fire history fire intervals are likely also more spatially restricted and,

Each fire probably removes some of the evidence of previthus, less certain to represent the landscape as a whole.
ous fires, which may create additional problems and-con If the goal is a comparison between pre-Euro-American
straints for sampling. Often a goal of fire-history studies isand present fire intervals, then an approximately equalsam
to reconstruct the fire intervals or other properties of the fireple size would be desirable, but unbalanced designs can be
regime in the pre-Euro-American era. In the case of surfacaccommodated in statistical tests, such as repeated measures
fires, the population from which a sample is to be drawn isanalysis (Gurevitich and Chester 1986; Shaw and Mitchell-
the set of trees of sufficient age to record fires during thatOlds 1993). Thus, if dead wood is used as a source of an
era, and presumably with fire scars from that era. Clearly, ircient fire intervals, then an adequate sample of post-Euro-
this case, it would not be targeting to identify the trees thatAmerican fire intervals from living trees may also be
belong to this population and then sample them in an-unbineeded. It is useful to display the sample size over time
ased way (e.g., not seeking multiple-scarred trees). (e.g., Veblen et al. 2000), but also important to analyze how

The tree population from which this sample may be de the spatiall extent and potential spatial bias of the sample
rived can be circumscribed spatially to estimate the land arewary over time.
over which the sample might be considered to estimate the The composite FI presents special problems when & com
population. However, if this circumscribed area does not it parison of fire intervals over time is of interest, since eom
self span the area and environments of a particular landscap®site FI typically declines as sample size increases, and the
of interest, then it is impossible to draw inferences about theecord of ancient fire intervals may be smaller. For compar
whole landscape (Lorimer 1985). This is the situation oftening composite Fls, it seems essential to match the pepula
confronted by fire historians. Grissino-Mayer (1995), for ex tions and perhaps also the samples. That is, the spatial extent
ample, avoided sampling in the parts of a study area wheref the rarer pre-Euro-American fire intervals should set the
there were younger stands because he was interested in thpatial extent of sampling of all intervals, so the populations
pre-Euro-American fire record that does not exist on youncare spatially matched. Then, samples of equal size, with suf
trees. This is not mensurative pseudoreplication in this casdicient power, from each era of interest are essential, since
but no inference can be drawn about pre-Euro-American firdhe estimated composite Fl is affected by sample size. To
intervals in the landscape as a whole. Moreover, there is eviachieve equal sizes, random omission of samples, if too
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Fig. 8. Distribution of fire-interval parameters for the 18 stands of ponderosa pine in the western United States with estimates of both
composite Fl and individual-tree FI (Table 4), comparing the)rrhean composite Flbj restricted (>10% scarred) mean composite

Fl, (c) restricted (>10% scarred) mean composite Fl with correction for targetifg)gnéan individual-tree Fl,g) mean individual-tree

FI with the origin-to-scar (OS) intervalf)(mean individual-tree FI with the OS interval and correction for targeting.
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many are found for a particular era, may be necessary. Witmean Fl and fire rotation are in ponderosa pine forests in the
composite FI, differences in sample size or inadequate sanwestern United States. Much of the uncertainty comes from

ples in particular eras may yield spurious trends.

Overall assessment of uncertainties and
biases

the problem of sampling and interpreting the fire-scar record
if there are unrecorded fires. This uncertainty is present in
other surface-fire regimes as well. The present magnitude of
uncertainty and bias is large, because there is little research
that provides the modern calibration needed to guide-sam

The problems identified in this article together mean thatpling and interpretation of the fire-history record. All the-pa
there is considerable uncertainty about what the populationameters (e.g., mean, median, maximum, distribution) of a
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set of fire intervals are affected by the uncertainties and bipriate. It may be optimistic, however, to expect that it will
ases we identified, and all the parameters should be braclever be possible to have very accurate estimates of fire-inter
eted. vals in the pre-Euro-American landscape. There will always

What is the bracketed range of population mean Fls irbe some unresolvable uncertainty that, in our opinion, is best
ponderosa pine forests of the western United States, recoffeated by providing bracketed estimates.
nizing uncertainties and biases? Corrections are needed for There is presently insufficient research to be able to pro
several uncertainties and biases (Table 7). We suggest usimgse remedies for all the potential problems we have identi
the restricted (>10% scarred) mean composite Fl as the lofied, but we have some suggestions. First, where possible,
estimate and mean individual-tree FI with OS as the high esuse a statistically valid and unbiased approach (e.g., random,
timate of the population mean FI and fire rotation. The 10%stratified random) to locate potential stands for sampling. If
restricted mean composite Fl is on average about 1.8 timegnbiased sampling is not possible, because the study area
the unrestricted mean composite Fl. Targeting likely de contains only a few remnant stands (e.g., unlogged) suitable
creases the mean composite Fl by a factor of two to threéor sampling, then include them all or randomly choose a
times. Thus, on the low end of the bracketed range we sugsample of them. In either case, determine to what extent the
gest correcting for biases and uncertainties by multiplyingsample is representative of the spectrum of physical and bio
mean composite Fl values by 3.6 to 5.4 (2 x o&tx 1.8). logical settings that were present in the landscape (e.g.,
An argument could be made that the OS interval should alsdeensma 1987). Second, determine whether the potential
be included in the correction of the mean composite FI, busampling location was subject to a crown fire, a surface fire,
we omit this correction to allow uncertainty about the OS in or both. Third, use a pre-sample and power analysis te esti
terval. If not directly available, the mean individual-tree FI mate the sample size needed and collect at least the mini
value can be estimated as typically two to three times thenum sample of fire-scarred trees from a contiguous area.
mean composite Fl value. Addition of the OS interval in Use minimum screening standards (e.g., no damage, physi
creases the mean individual-tree FI value by a factor of aboutally possible to remove) but without selecting trees based
1.6. Targeting likely also decreases the mean individual-treen other criteria that may bias the sample. Whenever possi
FI by a factor of two to three times. Thus, on the high end ofble, obtain an estimate of the pith date near the root collar of
the bracketed range we suggest correcting for biases and uihe tree from which the scar was obtained, so that the OS in-
certainties by multiplying mean composite Fl values by 6.4terval can be estimated. Finally, bracket the possible range
to 14.4 (2 x 1.6 x 2 to 3 x 1.6 x 3). The population meanof the population mean Fl and fire rotation using the re-
Fls and fire rotations for ponderosa pine forests in the weststricted (>10%) mean composite Fl and mean individual-tree
ern United States may thus lie in a large range, spanning 3.6l with OS. Bracket other parameters (e.g., maximum fire
to 14.4 times the unrestricted mean composite FI values. interval, distribution of fire intervals) as well.

A sample of the effect of these corrections can be ob-
tained by using the 18 stands for which both mean compoSyy, yjications for ponderosa pine forests
ite FI and mean individual-tree Fl estimates are available
(Table 4). We use only those stands with 10 or more trees The uncertainty we identify in fire-history results suggests
sampled. In this sample, mean composite FI varies from 5 tthat present concepts of the role of fire in maintaining the
21 years (Fig. 8), which is very similar to the overall range structure of ponderosa pine forests are less certain. Surface
for the studies in Table 4 (see Figa)4 We estimate the re fire is still very important to these forests. However, the-lon
stricted (>10%) mean composite FI for each stand (Fj, 8 ger mean Fls and fire rotations that certainly occurred, and
using the average correction of 1.8 found in our earlier-analthe spatially patchy nature of fire, somewhat diminish the
ysis, as the authors of these studies did not use a restrictiomagnitude of control of forest structure by fire relative to
The mean individual-tree Fl with OS is estimated (Fig) 8 present conceptions of fire's importance in ponderosa pine
using the mean individual-tree FI (FigdBand the regres forests. A logical conclusion is that other factors, such as
sion equation (Fig. 6). Finally, we correct for targeting by climatic changes, timber harvesting, and domestic livestock
applying a multiplicative correction of 2.5 times (Figsc 8 grazing, may have played a somewhat larger role than previ
and §). Thus, the 18 stands have a reported mean Fl rangeusly thought in post-Euro-American change in these forests
of 5-21 years (median 11.5 years), but the bracketed range.g., Savage and Swetnam 1990; Grissino-Mayer 1995; Sav
of the population mean Fl is from 22.5 to 94.5 years {me age et al. 1996). It is less possible, for example, to exclude
dian 51.8 years) on the low end and from 48.0 to 308.0 yearthe hypothesis that past climate (e.g., cold, dry Little Ice
(median 170.0 years) on the high end (Fig. 8). Age), no longer present, may have played a role in shaping

Uncertainty about unrecorded fires means that this brackthe open, low-density forest structure present in low-
eting cannot presently be narrowed. Research is first needesdevation forests at the time of Euro-American settlement, an
to complete the modern calibration of the fire-scar signal relidea that has been suggested for other ecosystems (Clark
ative to the actual fire regime. Such a research program cah990). Ponderosa pine regeneration, in particular, is known
probably narrow the range of some uncertainties. We proto be sensitive to climatic conditions (e.g., Savage et al.
pose below some methods to minimize biases. Until research996).
addresses the uncertainties and biases, it is necessary to acLonger fire rotations and spatially patchy fires also -sug
knowledge the large range within which the populationgest that a greater diversity of forest structures probably ex
mean Fls and fire rotations may lie. While we have not pre isted in the pre-Euro-American ponderosa pine landscape,
sented comparable bracketing for other parameters (e.goossibly leading to some crown fires. Dense thickets ef re
maximum fire interval), the same kind of analysis is appro generating trees or dense old patches of trees may have been
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a part of the pre-Euro-American ponderosa pine forest-landArno, S.F., and Petersen, T.D. 1983. Variation in estimates of fire
scape (e.g., Shinneman and Baker 1997), since there is moreintervals: a closer look at fire history on the Bitterroot National

opportunity for these to have occurred. Both modeling stud Forest. USDA For. Serv. Res. Pap. INT-301.

ies (Roberts and Betz 1999) and empirical research in othé¥no, S.F., and Sneck, K.M. 1977. A method for determining fire

pine landscapes (Greenberg and Simons 1999) suggest thafistory in coniferous forests of the mountain west. USDA For.

longer fire-free intervals allow greater diversity of forest Serv. Gen. Tech. Rep. INT-42.

structures. The possibility of patches of regenerating tree§™M0: S.F., Scott, J.H., and Hartwell, M.G. 1995. Age-class structure
and dense patches of older trees also implies greater-likeli of old growth ponderosa pine/Douglas-fir stands and its relation

) ; : ship to fire history. USDA For. Serv. Res. Pap. INT-RP-481.
hood that stand-replacing crown fires were a part of the pro%?bbitt, B. 1997. A coordinated campaign: fight fire with fire.-Re

cesses shaping the pre-Euro-American ponderosa pine fore . )

: marks of Secretary of the Interior, Bruce Babbitt (Tuesday, Feb
Iandscape (Shinneman an.d Baker 1997). Dgnse forests mayruary 11, 1997). goise State University, Boise, I(gaho. g
be important for the _MeXICan spotted owl in some seuth Barrett, S.W. 1988. Fire suppression’s effects on forest succession
western ponderosa pine landscapes (Ganey et al. 1999). Be within a central Idaho wilderness. West. J. Appl. Rr76-80.

cause of this variability in forest structure and its potentialg ., 3 H and Bock C.E. 1984. Effect of fires on woody vegeta
importance to wildlife, widespread intentional restoration of  yjon in the pine-grassland ecotone of the southern Black Hills.

low-density forest structure across the landscape (€.g., am. Midl. Nat. 112 35-42.
Covington et al. 1997; Fulé et al. 1997) is unwarranted. ok, J.L. 1984. Fire history in three vegetation types on the-east
Surface fires, however, were clearly an important process ern side of the Oregon Cascades. Ph.D. dissertation, Oregon
in these forests, and there is also ample evidence that fires State University, Corvallis.
have been excluded by human land uses (e.g., Savage aBcbwn, P.M., and Sieg, C.H. 1996. Fire history in interior ponder
Swetnam 1990). Exclusion of surface fires undoubtedly has osa pine communities of the Black Hills, South Dakota, USA.
altered forest structure, since surface fires readily kill young Int. J. Wildland Fire,6: 97-105.
trees (Table 3). However, the magnitude of the impact of fireBrown, P.M., and Sieg, C.H. 1999. Historical variability in fire at the
exclusion on ponderosa pine forests is uncertain because of ponderosa pine — northern Great Plains prairie ecotone, southeast
uncertainty about mean Fls and fire rotations. Some parts of ern Black Hills, South Dakota. Ecosciende,539-547.
these forests need fire intervals of 50 or more years for tre8rown, P.M., Kaufmann, M.R., and Shepperd, W.D. 1999. Long-
regeneration to succeed. term, _Ian(?scape }oatternsI gf FastdﬁreLevednts |E:dm501rgaggzponder-
Since there is large uncertainty about the fire regime in_ ©52 PIne forest of central Colorado. Landsc. Eael.513-532.
ponderosa pine forests, caution is warranted until some uﬂs:rown, P-M., Ryan, M.G., and Andrews, T.G. 2000. Historical sur-
. . . face fire frequency in ponderosa pine stands in research natural
certainty can be removed. We suggest that restoration of fire

. . o areas, central Rocky Mountains and Black Hills, USA. Nat.
as a process is certainly warranted, but quantitative targets Areas J.20: 133-139

for how frequent prescr_lbed flre_s should be, how much Ianc'.’I‘,amp, A., Oliver, C., Hessburg, P., and Everett, R. 1997. Predicting

area should be burned in a particular year, or how much fuel” |5ie g\ ccessional fire refugia pre-dating European settlement in

reduction is appropriate (Babbitt 1997; Laverty and Williams e wenatchee Mountains. For. Ecol. Manag®. 63—77.

2000) are premature because of large uncertainty abowiiark, J.S. 1988. Particle motion and the theory of charcoal analy

mean fire intervals and fire rotations. More careful study is sis: source area, transport, deposition, and sampling. Quat. Res.

also warranted before physical restoration of forest structure 30: 67—80.

or fuels is undertaken on a wide scale (Covington 2000gClark, J.S. 1990. Fire and climate during the last 750 yr in rorth

Laverty and Williams 2000). This is particularly true in valu  western Minnesota. Ecol. Monogs0: 135-159.

able National Parks, Research Natural Areas, and other pr@ooper, C.F. 1960. Changes in vegetation, structure and growth of

tected areas, where a goal is often to maintain natural southwestern pine forests since white settlement. Ecol. Monogr.

ecosystems and the species dependent upon them. 30: 129-164.
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